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. PREFACE

i This document is the final report on Contract N00014-76-C-0598 spon-
sored by the Office of Naval Research entitled, "Mechanical Behavior of
Titanium Alloys". During the course of the program, extensive investigations
of the a/B interface phase in Ti-6A1-4V and the behavior of hydrogen in
B-phase alloys have been accomplished. Several technical reports and papers
have resulted from the work and are included in Appendix I. For details of
the earlier work, the reader is referred to these documents.. The body of this
report describes the results of research conducted in the final year of the
. contract during the period February 1978 through February 1979, which has not J
otherwise been published. The program was monitored by Dr. Bruce MacDonald of
ONR and was conducted at the Rockwell International Science Center by Mr.
Cecil Rhodes, Dr. Otto Buck, and Dr. Neil Paton, with technical assistance !
from Mr. Robert Spurling, Dr. John Wert, and Mr. Lloyd Ahlberg. Experimental | %
assistance was provided by Mr. J.C. Chesnutt, Mr. M.W. Mahoney, Mr. P.Q. 1
Sauers, and Ms. J.F. Wugalter. Dr. R. Jewett of the Rocketdyne Division of
Rockwell International conducted the high pressure hydrogen tensile tests.
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1.0 INTRODUCTION

The properties of titanium alloys are such that frequently the most
severely loaded parts of a vehicle structure can most advantageously be fab- {
ricated from titanium, making a detailed understanding of the mechanical prop- {
erties of titanium alloys of great importance. Although much has already been : i
accomplished in recent years to further our understanding of the mechanical §
behavior of these materials, there are still several important areas where our :
knowledge is lacking. This report describes the results of a study in two
such areas. Part I is directed at a specific aspect of the effect of micro-
structure of a two phase o« + g Ti alloy on mechanical properties, while Part
II is concerned with the effect of hydrogen on properties of g Ti alloys.

Part I of the program was a detailed study of the effect of some
specific aspects of microstructure on the properties of the a + g8 Ti alloy Ti-
6A1-4V. Ti-6A1-4V, when initially developed, was intended to be used in the
solution treated and aged conditions. However, in the interests of higher
fracture toughness, more and more material is being used in the "annealed"
condition. Very little is knecwn about the effects of annealing temperature
and cooling rate on mechanical properties, and it is this void in our current
knowledge at which Part I of this program was aimed. A wide variety of
annealing treatments is used in the industry at present, some of which can
give less than optimum performance.

Heat treatment is one technique available to alter mechanical prop-
erties in a/g titanium alloys such at Ti-6A1-4V. A change in properties is
generally brought on by a change in the microstructure which occurs as a re-
sult of the heat treatment. Frequently, 6-4 is subjected to heat treatments
during processing, or fabrication, where such heat treatments, which are not
designed to improve properties may, in fact, be deleterious to properties. In
particular, processes such as diffusion bonding require slow cooling from high
in the a/B phase field. Studies performed in the preceding year of this pro-
gram1 have shown that slow cooling has a significant effect on the microstruc-
ture of 6-4 and an effect on tensile properties.

1
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The previous year's work under this program2 showed that interface
) phase, which occurs in the a/g interfaces, does not grow isothermally, but
grows only during cooling and the width of the interface phase is dependent
i upon cooling rate. Cooling rate also affects the volume fraction and, when
i cooled from above the beta transus, the morphology of primary alpha particles.
The effects of both primary alpha and interface phase on tensile properties of
Ti-6A1-4V were studied previously in this program.1 The general trend ob-
served was one of increasing tensile strength and decreasing tensile ductility
with increasing volume fraction of primary alpha. There was, however, a
fairly wide scatter band which was the result of a variation in interface
phase width. The results indicate that yield strength can be increased by
increasing the interface phase width, but that ductility is sacrificed.

R e —

The correlation of interface phase width and volume fraction primary
alpha with tensile properties implies that other mechanical properties may
also be affected by these microstructural features. Properties such as fa-
tigue crack propagation and fracture toughness are important design parameters
for structural materials such as Ti-6A1-4V. Part I of this report presents a
summary of the results of a study of the influence of interface phase width
and volume fraction primary alpha on fatigue crack propagation rate and frac-
ture toughness. A more detailed account of previous work may be found in the
published papers included in Appendix I.

In the past year, considerable progress has been made toward under-
standing the influence of hydrogen on mechanical properties of beta Ti alloys.
Two alloy systems have been studied, Ti-V and Ti-Mo, and both are of interest
on account of their ability to retain high concentrations of hydrogen in solid
_ solution; as much as 10 atom percent hydrogen or more is soluble without re-
E sulting in hydride precipitation.

The significant observation which has been made in the past3 was that
hydrogen in solid solution in certain beta Ti alloys decreases both the
strength and the modulus, while increasing the lattice parameter. These ob-
. servations could be attributed to either electronic interaction of the :
hydrogen with the host lattice, or a suppression of omega phase formation by ;

T

2
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1& addition of hydrogen. The latter argument is based on the observation that

! hydrogen is a beta stabilizer® much like V or Mo and would, therefore, tend to
reduce the tendency to form athermal omega phase in a given alloy. Omega 3
phase precipitation causes larger increases in strength5 so that suppression b
of its formation might be expected to cause softening for this reason. Based
on the recent results obtained in this program, the latter explanation appears
to correlate with the observation most satisfactorily.

The data appear to indicate that the main influence of hydrogen ad-
ditions is to stabilize the beta phase, decrease the tendency.to form omega
phase and, in doing so, lower the strength and decrease the modulus. Although

. there is probably an electronic contribution also, its magnitude is certainly
smaller than the former effects. This observation raises the question as to
whether hydrogen additions might be useful to lower the strength of commercial
beta Ti alloys, and thereby improve their formability by reducing their tend-
ency to form omega phase either at room temperature or at temperatures
slightly above room temperature.

Part II of the program was a study of the effect of internal hydrogen
on B+w transformation and on mechanical properties in g-Ti alloys. The former
was intended to provide a confirmation of the explanation proposed in the pre-
ceding paragraphs and the latter was a preliminary examination of possible
effects of hydrogen on formability. In addition, a limited number of tensile
tests of a commercial beta Ti alloy, Beta III, were conducted in high pressure
hydrogen to see if the tolerance of the beta phase to high hydrogen contents
} i could be translated into good mechanical properties in hydrogen.

3
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2.0 EXPERIMENTAL

The alloy used in Part I of the program had a nominal composition of
Ti-6A1-4V; the chemical analysis of this alloy is given in Table 1. The as-
received microstructure consisted of ~90% equiaxed primary alpha particles,
having approximately a 12um diameter, in a continuous beta matrix. The Part
Il alloys were Ti-6A1-4V, Ti-20V and Ti-40V, all nominal compositions. The
heat treatments were carried out with the samples, either in a dynamic inert
gas atmosphere or encapsulated in evacuated ampoules. A programmable con-
troller supplying power to the furnace was used for control]ed-cooling-rate
treatments. Hydrogen charging was accomplished using a conventional Sievert's
apparatus.

Fracture toughness was measured by notched, precracked Charpy bars
tested in slow bend. Compact tension specimens were used for fatigue crack
growth rate measurements, which were carried out at 10 Hz and R = 0.1 in an
MTS machine. Crack length was determined optically with the specimen removed
from the testing machine. Tensile tests were conducted on an Instron testing
machine equipped with a furnace. The samples were in the form of flat, strip
specimens and elongation was determined by measuring the distance between
fiducial marks under a travelling microscope.

Thin foils for transmission electron microscopy were prepared by con-
ventional electropolishing techm’ques6 or by ion mi]ling.7 The foils were ex-
amined in either a Philips EM300 or a Philips EM40O electren microscope, both
equipped with double tilt goniometer stages. Fractography was carried out
using an ETEC Autoscan scanning electron microscope.

4
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Table I
Composition by Weight of Ti-6A1-4V
Ti Al Vv Fe C [V} H N
Bal 6.15 4.09 0.18 0.011 | 0.129 { 0.0067 | 0.019
5
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3.0 RESULTS

Part I. The Influence of Interface Phase on Mechanical Properties

ot soedNa S, e N

3.1 Microstructural Considerations

The fracture toughness and fatigue crack propagation (FCP) tests were
limited in the number of test specimens available and essentially represent a
survey of the influence of interface phase and volume fraction primary alpha
on these properties. Because of the limited number of specimens, a wide vari-
ation in interface phase width with all other microstructural features held
constant was not attainable, unlike the previously reportedl segment of this
program studying the influence of interface phase on tensile properties.

The objective of this work was to examine the influence of interface
phase width on toughness and FCP rate. In order to do this, samples must be
treated so that only the interface phase width is varied and other microstruc-
tural features which can influence properties are held constant. Among these
features which can influence properties is volume fraction of primary alpha
#' phase. Since the interface phase only grows during slow cooh‘ng,2 treatments
which vary the interface phase width will also alter the volume fraction of
primary alpha, and so this microstructural feature is not easily controlled.

Another feature which can affect properties is ordering in the pri-
mary alpha grains. The slow cooling treatments used to produce various inter-
face phase widths are conducive to ordering in this alloy. Indeed, in two out
of the ten fracture toughness test specimens, superlattice reflections were
observed in the selected area electron diffraction (SAD) patterns, indicating
the presence of TijAl (ap) particles within the primary alpha grains. In
three additional fracture toughness specimens, very faint superlattice reflec-
tions were observed, indicating few ap particles in the primary alpha. For
the remainder of the toughness test specimens and the FCP test specimens, no
superlattice reflections were observed in the SAD patterns. However, the ab-

. sence of superlattice reflection does not preclude the existence of some de-

gree of order of the alpha phase; indeed, some order would be expected in an

6
C1541A/SN




=1

‘L Rockwell International

Science Center

SC5056.4FR

alloy with 6% Al given slow cooling treatments from high in the a/B phase
field. Marcincowski and co-workers® showed, some time ago, that dislocations
moved in pairs through an ordered lattice and that the spacing of the pairs
was a function of the degree of order of the lattice in which they were
moving. Dislocation pairs were observed in the ECP samples and those tough-
ness samples which did not show ap reflections and they were confirmed to be
pairs of the same sign (i.e. dislocations moving in an ordered lattice) by t g
experiments.9 The spacings of the dislocations pairs was approximately cons-
tant in all the specimens, and it was therefore concluded that the degree of
order was approximately the same in those samples. '

Another microstructural feature which can influence mechanical prop-
erties is decomposition of the beta phase. That is, if the beta phase decom-
poses on cooling to fine alpha phase precipitates in the beta phase, prop-
erties can be affected. For the results presented in this report, there have
been various degrees of g-phase decomposition and, although the results would
indicate that the amounts of decomposition have not significantly influenced
properties, the degree of decomposition will be pointed out for each of the
tests specimens.

The foregoing remarks in this section indicate that microstructural
features other than interface phase widths have not been held constant in all
the test specimens. Because of the limited number of test specimens avail-
able, elimination from evaluation of test results from those specimens con-
taining either superlattice reflections in the primary alpha or decomposed
beta phase is not practical. Therefore, all test results will be included in
the report and, although care must be taken in drawing detailed conclusions,
some generalizations can be gleaned from the results.

3ol Fracture Toughness
3.2.1 Alpha-Beta Processed

Charpy bars were machined from the Ti-6A1-4V rolled plate starting
material and notched so that the crack ran in the ST plane, i.e., the plane
normal to the rolling direction. For the a/B processed condition, the bars

7
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were notched such that the crack ran in the S direction in one-half the tests
and in the T direction in the other half of the tests.

The bars were heat treated to produce a variation in interface phase
width, which will also generally produce a variation in volume fraction pri-
mary alpha.2 Examination of the microstructure after heat treatment revealed
a banded appearance of the primary alpha, as shown in Fig. 1. The banding
which is a resistance of the primary alpha particles in the band to the stain
etch used to reveal the microstructure is parallel to the rolling plane.
Examination of these banded regions by polarized light indicates that they are
composed of alpha particles of a similar crystallographic orientation, dif-
ferent from the regions surrounding the bands. Texture analysis of the plate
reveals [0001] poles concentrated in the rolling direction and in the trans-
verse direction, Fig. 2a, and [1010] poles concentrated approximately 45° to
L, T and S directions, Fig. 2b. It is not unambigously clear whether the
texture effects can be related to the banded regions or to the surrounding
regions, but nevertheless the results indicate a concentration of basal planes
parallel to the crack plane and an additional concentration of c-directions
either parallel or perpendicular to the crack direction. It can be seen in
Fig. 1 that a crack running in the S direction moves perpendicular to the
bands of primary alpha and a crack moving in the T direction moves parallel to
the bands. The former condition will be called a perpendicular crack and the
latter condition will be called a parallel crack in subsequent discussion.

The test results of the a/8 processed 6-4 are presented in Table II.
The fracture toughness is considerably greater for a perpendicular crack
orientation than for the parallel crack orientation. Fractography of the
various samples revealed that the fracture topography was stiongly influenced
by the underlying banded microstructure, Fig. 3. The interface phase widths
vary from 635 to 5235A, while the volume fractions of primary alpha vary from
0.68 to 0.86. A plot of toughness as a function of primary alpha is shown in
Fig. 4, where it can be seen that, for a parallel crack orientation, there is
no influence of volume fraction primary alpha on Kq. It can also be seen that
there is no influence of the higher degree of order in test samples numbers 8
and 10, and no influence of beta phase decomposition on KQ in these samples.

8
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Fig. 1 Isometric view of Ti-6A1-4V used in Part I of the program.
Note banding of primary alpha particles parallel to rolling
plane (LT plane).
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1 Table 11
; Charpy Bar Slow Bend Test Results for a/8 Processed Ti-6A1-4V
; Crack KQ Volume Fraction Interface Phase Superlattice Beta Phase
| | Test # Orientation  [(ksivin) | Primary Alpha Width (A) | Reflections in ¢ | Decomposition
i .
: ; 1 Perpendicular | 140 0.85 3295 Yes None
. 2 Perpendicular | 130 0.84 2930 Yes tone
3 Perpendicul ar 107 0.83 3760 No Considerable
? 4 Perpendicular 103 0.82 2225 No None
5 Perpendicular 96 0.84 5235 Faint None :
4 | 6 Parallel 3 0.78 920 No Slignt |
; r 7 Parallel 72 " 0.83 5050 No Considerable
4 y 8 Parallel 70 0.86 3825 Faint None
" ' 9 Parallel 69 0.68 635 No Slight
i 10 Parallel 67 0.81 1785 Faint Hone .
.
‘
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1 :
a : !
|
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Fig. 3 Scanning electron micrographs of fracture surface of Charpy
bars. (a) perpendicular crack, moving in S direction;
(b) parallel crack, moving in T direction. Crack direction
is from left to right in both micrographs.

13

T




‘l‘ Rockwell International
Science Center

SC5056.4FR

2/6"/

*Ap-1¥9-LL passacoud g/o ut eydie
Asewpad Juaduad aunfoa jo uorjouny e se Oy ¢ssauybnol aanjoedy y 614

VHAWV AYVWIYd IN3IDY3d IWNTOA

06 08 oL 09
| ) . ol T T 0S
o
“ur o : o
o o
s
oot]-
0 <
o -1 001 m
& 3
szl
szt
o |
ostb- | MWD T3TWEVd O
ot YOVH) ¥VINDIONIdYId O
ost
| 1 L 1 1
S ivecos




T
- S T

Science Center

SC5056.4FR

For the perpendicular crack orientation, the volume fraction of primary alpha
does not vary significantly, but there is a large variation in Kq. The two
tests having the greatest toughness values also exhibited strong superlattice
reflections indicating the high degree of order in these samples has likely
influenced toughness. There is no influence of g-phase decomposition on
toughness as can be seen by comparing test samples #3 and 4.

The same data can be plotted as a function of interface phase width,
Fig. 5. For the parallel crack orientation, there is no dependence of KQ on
interface phase width for a wide variation in widths (635 to 5050A).
Similarly, there is essentially no infuence of interface phase width on KQ of
samples oriented for a perpendicular crack.

Although neither interface phase width nor volume fraction primary
alpha influence KQ, there is a significant effect of microstructure as mani-
fested by sample orientation. The presence of the bands of alpha grains,
which have grown in a similar crystallographic orientation, has clearly in-
fluenced the crack extension. Closer inspection of the bands of alpha grains
reveals that frequently several grains contact without the presence of g-phase
between them, Fig. 6. When this occurs, the crack propagates by void coales-
cence (hole growth) along these several grains, with the growth uninterrupted
by the presence of a grain boundary devoid of g-phase. This results in large
elongated voids in the fracture face, as shown in Fig. 7. The wavy lines
within the large voids are serpentine glide resulting from the intersection of
slip with the void surface; they are seen to be related to the crystallo-
graphic orientation of the underlying a particle and not a function of crack
direction. The serpentine glide within the large voids is indicative of de-
formation prior to the void joining the crack and opening up.

3.2.2 Beta Processed

Notched Charpy bars were solution treated above the beta transus (at
1015°C) for 15 minutes and water quenched in order to produce a fine acicular
alpha microstructure. The bars were then heat treated to generate various
interface phase widths. These treatments involve heating high in the a/8

15
C1541A/SN

‘l' Rockwell International




w ©
W m *Ab-1y9-1t1 passadoud /0 ui W
] = UIptm aseyd aoeyuajup yo uotzouny e se ‘Oy ‘ssauybnoz aunmjoesy ¢ ‘614 4
,w m Y ‘HLOIN 3SVHd 3DVA¥3INI
i < 5 0003 0005 000V 000€ 0002 0001 0
4 = m & T o i T T T 05
| = -
g3 = i
55 ¢ mt : 0 ” &
: o
_ £ & o |
m —5¢
‘ 0oL |~ =
o 2
—oor & ]
. g
o 3
ol
3, s
=
—{szt
o O
—4
ost - YOV¥) 131VIVd O
o
XOVHD WYINDIONIYId O |
—ost u
" | 1 i 1 ] |
EEL1-6L05 |
“
|
* \ﬂ - - a ¥
e — R et g T ———————r—— B ———— -




Fig. 6
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Light micrograph of Ti-6A1-4V showing a band of several
contiguous alpha grains (between arrows).
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Fig. 7 Scanning electron micrographs of fracture surfaces of Charpy
bars. (a) parallel crack, moving in T direction; (b) perpen-
dicular crack, moving in S direction. Crack direction is from
left to right in both micrographs. A portion of the fracture
surface has been polished and etched to reveal the underlying
microstructure in each micrograph.
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phase field followed by slow cooling; consequently the resulting microstruc-
tures not only show a variation in interface phase width, but there is also a
variation in the aspect ratio of the acicular alpha phase particles.

The test results of the g processed 6-4 are presented in Table III.
The aspect ratios of the alpha particles in each of the test specimens is
listed in Table III; however, no measurements of volume fraction of alpha
phase were made. The toughness is plotted as a function of interface phase
width in Fig. 8, in which the curve drawn is a linear least squares fit. The
curve indicates a positive correlation of KQ with interface phase width, but
there is considerable scatter. The variation in alpha phase particle size is
illustrated in Fig. 9, where the samples with the largest and smallest KQ are
shown. Fractography revealed that the fracture surfaces of the high toughness
samples were more tortuous with extensive secondary cracking than the frac-
tures of lower toughness samples, which showed no secondary cracking. The
fracture surfaces of the high and low toughness samples are shown at high
magnification in Fig. 10. It can be seen that the void size is much smaller
in the high toughness sample, 10b, than in the low toughness sample, 10a.

3e3 Fatique Crack Growth Rate

Compact tension specimens were given sub-transus heat treatments in-
tended to produce a wide variation in interface phase widths. This portion of
the program was essentially an investigatory examination of the influence of
interface phase width on fatigue crack propagation (FCP) rates in equiax pri-
mary alpha microstructures. Only three samples were tested, but these were i3
heat treated so that the interface phase widths varied considerably. As ex-
i pected, the volume fraction of primary alpha phase also varied. These para- _
meters are listed in Table IV. For these results, then, it will be difficult e

T T ——

to separate out the influence of interface phase on FCP, since volume fraction
R primary alpha also varies significantly. 1

The results of the tests, which were run at 20°C in dry laboratory
air, are presented in Fig. 11. It can be seen that at the low AK region ,;
(aK~10ksiv¥in) there is little difference in FCP rate among the three

19
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9 Table III
| Charpy Bar Slow Bend Test Results for g Processed Ti-6A1-4V
| K, Interface Phase | Alpha Phase Superlattice Beta Phase
; Test # (ksi9ﬁ) Width (&) Aspect Ratio Reflections in a Beconposition
1 136 2670 20 No None
: 2 122 3700 20 No None
3 90 2510 22 No None
7 4 85 2685 22 to None
: 5 81 410 36 No None




o B T

‘B Rockwell International

Science Center
i
? . SC5056.4FR
§
! ‘ Table IV i
Microstructural Parameters of Fatigue Specimens ‘ ;
i
VoTume Interface SuperTattice | Beta Phase |
Test # | Fraction Primary o [Phase Width, A Reflections Decomposition |
1 0.71 640 No Considerable
2 0.82 2070 No : Slight
3 0.92 4135 No None
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variation in alpha phase plate size.

Fig. 9 Light micrographs of B treated Charpy bars illustrating
(b) test specimen




‘L. Rockwell International
Science Center
SC5056.4FR

:@W@_ o :(A

?W*'ﬁ*

Fig. 10 Scanning electron micrographs of fracture surfaces of beta
treated Charpy bars. (a) test specimen #5; (b) test specimen
- #1. Note the larger void size in (a).
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Fig. 11 Fatigue crack propagation rate as a function of applied stress
for three microstructural conditions of Ti-6A1-4V. The band
is a typical scatter band for Ti-6A1-4V in R-A condition.
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| ' conditions. However, at about aK = 15ksi/in, the curves begin to separate
with test sample #3 exhibiting better FCP resistance than samples #1 and #2.
As the stress level increases, the separation between #3 and the other two
samples becomes increasingly larger, reaching a difference of an order of
magnitude at the high stress levels. Figure 12 presents plots of FCP rates as
a function of interface phase width (and volume fraction primary alpha) for
several stress levels. At low stress levels, there is little influence of
these microstructural features on FCP rate, but as the stress level increases,
there is generally an increasing dependence of da/dN on interface phase width
and/or volume fraction primary alpha. :

Fractography reveals that at the low stress levels, fracture is pre-
dominantly by cleavage through the alpha phase in all three test specimens,
Fig. 13. Striations are not detected until the FCP rate reaches about 10-3
inches/cycles; for samples #1 and #2, this is at a stress level of about
20 ksi/in., while for sample #3, a rate of 10'51nches/cycle is achieved at a
stress level of about 30 ksiv¥in., Fig. 14. The change in mode appears to be
gradual with the transition region showing cleavage of some a particles and
striations in other a particles, Fig. 13b. There is extensive secondary
. cracking over the entire range of stress levels in sample #3. The secondary
i cracks extend both across alpha grains and along alpha-beta interfaces. As
E 3 the stress level is increased, the occurrence of interface cracking increases,
becoming predominant at the higher stress levels. Samples #1 and #2 exhibit
b little secondary cracking.

. 26
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Fig. 13 Scanning electron micrographs of fracture surfaces of FCP
Ti-6A1-4V specimens at a stress level of 15 Ksi Ain.

(a) test specimen #2; (b) test specimen #3. Crack direction |
is horizontal. ‘
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TS s e

Fig. 14 Scanning electron micrographs of fracture surfaces of FCP
Ti-6A1-4V specimens. (a) test specimen #2, 4K = 30 Ksi Vin;
(b) test specimen #3, AK = 30 Ksi vin; (c) test specimen #2,
AK = 40 Ksi Vin; (d) test specimen #3, AK = 40 Ksi +Ain.
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Part II. Hydrogen Effects

3.4 Omega Phase i

The influence of hydrogen on omega phase nucleation and growth was
studied in Ti-20 wt. pct. V. For this study, the alloy was charged with var- i
ious levels of hydrogen up to 4000 ppm by weight. The samples were then aged '
at 350°C for various times up to 28 hours and examined by hardness measure-
ments, light microscopy and transmission electron microscopy. The hardness

results are presented in Fig. 15 in which it can be seen that. the hardness is
reduced by increasing hydrogen content. TEM reveals that the reduction in
hardness corresponds to a reduction in the volume fraction of omega phase; for
example, Fig. 16 is a series of electron micrographs illustrating the distri-
bution of omega phase in samples having four different levels of hydrogen aged
for 28 hours. Not only does the volume fraction of omega phase decrease with
increasing hydrogen content, but the number of particles is also significantly
reduced with increasing hydrogen. The nucleation of omega phase is retarded
by the presence of hydrogen as evidenced by the observation that omega phase
is observed in the ‘'as solution treated' condition in the sample with no
hydrogen, is first detected after 40 minutes of aging in the sample with

1000 ppm hydrogen, and is not present after 28 hours of aging in the sample
with 2000 ppm hydrogen.

Another interesting effect of hydrogen on omega phase is its influ-
ence on omega particle morphology. In the alloy with no hydrogen, omega forms
cuboidal particles, but when 500 ppm hydrogen is added, the particles are
ellipsoidal, as illustrated in Fig. 17. It is well known that the omega phase
morphology is a function of the misfit between the parent g-phase lattice and
the omega phase lattice.l% The result shown in Fig. 17 would indicate that -
the presence of hydrogen in the g lattice alters its lattice parameter towards :
that of the omega phase. Precision lattice parameter measurements, which were |
beyond the scope of this program, would assist in resolving this point.

Finally, it was also observed that the omega particles, which form initially ]

as ellipsoidal particles, eventually grow into a more nearly cuboidal form,
c.f. Figs. 17b and 16b. This effect is not the result of a loss of hydrogen

30
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Fig. 16 Dark field transmission electron micrograohs showing omega
phase partig]es in Ti-20V with various levels of hydrogen

aged at 350°C for 28 hours. (a) no H; (b) 500ppm H;
(c) 1000 ppm H; (d) 2000 ppm H.
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Fig.17 Dark field transmission electron micrographs showing omega
phase Barticle morphologies in Ti-20V aged for 20 minutes

- at 350°C with different levels of hydrogen. (a) no H;

! (b) 500 ppm H.
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during aging because analysis of samples before and after aging treatments
showed no loss of hydrogen. Again, precise lattice parameter measurements

would lend insight'into this effect.

3.5 Solubility of Hydrogen in Beta Phase

This portion of the program was aimed at establishing the solubility
limit of hydrogen in a beta stabilized alloy. Ti-40 wt.pct.V was selected for
this study and hydrogen was added by the Sieverts method at 800°C. Hydrogen
levels of from 7000 to 19,782 ppm by weight were examined. The presence of
hydrides was monitored by x-ray diffraction and by TEM.

No evidence of hydrides was seen in the x-ray diffraction patterns
from all hydrogen levels. TEM revealed only beta phase in samples with
hydrogen up to 12,884 ppm. The samples with 16,413 and 19,782 ppm H showed
unusual linear features which dominated the microstructure and which gave a

face centered cubic diffraction pattern. The structure had the appearance of
7 common to beta
stabilized titanium alloys. The x-ray diffraction patterns from this alloy
exhibited only a bcc fracture, not fcc. Although precision lattice parameter
measurements were not made, it could be estimated from the x-ray patterns that
the lattice parameter increased from about 3.18& to about 3.42A as the
hydrogen level increased from zero to 16,413 ppm.

the thinning artifact, designated spontaneous relaxation,

RISt

3.6 Influence of Hydrogen on Ductility in an a/8 Alloy

This portion of the program was a preliminary investigation into the
potential use of hydrogen to promote ductility in «/g titanium alloys. Since
hydrogen is a beta stabilizer, the possiblity exists to introduce large
amounts of hydrogen into a conventional a/g alloy-like Ti-6Al1-4v which has a
fairly lTow volume fraction of beta phase in order to stabilize larger amounts
of the more ductile beta phase. The alloy could then be formed and the
hydrogen subsequently pumped out.

The approach here was to charge sheet tensile samples with 1000 ppm
by weight of hydrogen and to pull the specimens at two strain rates and two
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temperatures. The results are presented in Table V. The ultimate strength is
increased by the presence of 1000 ppm hydrogen, but the yield strength is not
significantly increased, except for the 350°C test at a strain rate of 0.05.
The ductility, as measured by total elongation, has been increased at room
temperature at both strain rates. The elongation is not effected at 350°C.

3.7 Tensile Properties of Beta Titanium in High Pressure Hydrogen

In recognition of the fact that beta titanium alloys appear to have
an exceptional tolerance for high levels of hydrogen in solution, it was de-
cided that the tensile properties of a commercial titanium alloy tested in

high pressure hydrogen would be worthy of investigation. Round tensile bars
of a commercially available Beta III titanium alloy, the composition of which
was Ti-11.5Mo-6Zr-4.5Sn, were tested in various heat treatment conditions in
an atmosphere of 5,000 psi hydrogen and, for comparison, 5,000 psi helium.

The results of these tests are shown in Table VI, and it can be seen that the
high pressure hydrogen environment caused a definite degradation in the duc-
tility of this titanium alloy. The degradation in ductility was particularly
evident in the results of the fractography performed on the fracture specimens
of the failed tensile samples. An example of this fractographic evidence is
shown in Fig. 18, where the classical ductile-dimple rupture found in the high
pressure helium environment is shown in Fig. 18a, contrasted with the very
brittle cleavage-like fracture found in high pressure hydrogen environments
shown in Fig. 18b. These results show that, although beta titanium alloys can
dissolve large amounts of hydrogen, and in some cases, without severely
damaging tensile properties, high pressure hydrogen environments apparently
introduce sufficiently large quantities of hydrogen into solution to cause
severe degradation in mechanical properties.
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; Table V
Influence of Hydrogen on Tensile Properties of Ti-6A1-4V

Yield Strength (ksi)

3 Room Temperature

350°C

Strain Rate

Strain Rate

Hydrogen
Content .005 .05 .005 .05
0 126.8 129.5 95.6 93.6
1000 ppm 126.8 132.7 87.4 101.5
Ultimate Tensile Strength (ksi)
Room Temperature 350°C
Strain Rate Strain Rate
Hydrogen
Content .005 .05 .005 .05
0 138.0 139.1 104.9 100.5
1000 ppm 154.0 155.1 114.6 112.7
Total Elongation (percent)
Room Temperature 350°C
Strain Rate Strain Rate
Hydrogen
Content .005 .05 .005 .05
0 11.1 12.1 9.9 9.9
1000 ppm 16.5 16.2 10.2 9.4
36
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Table VI
Tensile Properties of Beta III in High Pressure Helium and Hydrogen |
Ultimate
Test Yield Tensile
Specimen Pressure Strength Strength R.A. Elong.
No. Gas PSIA ksi ksi % %
ST 745°C /5 min/W.Q. ’
1 1 Hy 5000 78.8 97.5 13.1 4.0
2 He 5000 79.8 113.7 63.4 22.0
; ST 745°C /5 min/W.Q. + Age 540°C/8 hrs
4 Hy 5000 143.4 154.0 6.7 4.0 |
5 He 5000 143.1 152.3 16.6 12
ST 815°C /5 min/W.Q.
‘ 1 Hy 5000 80.5 96.8 6.3
f 2 He 5000 85.4 110.7 72.9
2 ST 815°C /5 min/W.Q. + Age 540°C/8 hrs
E |
4 Hy 5000 143.4 150.4 7:1
: 5 He 5000 137.6 147.2 13.8
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Fig. 18 Scanning electron micrographs of fracture surfaces of g-III
titanium alloy solution treated at 1375°F and tensile tested
in (a) 5000 psi He, and (b) 5000 psi H,.

38

i s o il gl i ‘“-A—J




‘l‘ Rockwell International

Science Center

SC5056.4FR

4.0 DISCUSSION

Part I. The Influence of Interface Phase on Mechanical Properties

4.1 Fracture Toughness

Any influence that volume fraction primary alpha or interface phase
might have on fracture toughness is overshadowed in the a/B processed material
by the presence of the bands of primary a phase. The fracture surface is
characterized by large elongated voids which correlate with the presence of
several alpha grains of a similar orientation having no beta phase separating
them. When these bands of alpha grains are parallel to the crack propagtion
direction, lower toughness values are observed because the crack proceeds as
the elongated holes open up. This mechanism operates whether there is 68% or
86% primary alpha and whether the interface phase is 600A or 5000A. Simi-
larly, when the bands of alpha grains are perpendicular to the crack propa-
gation direction, higher toughness values are observed because the crack moves
normal to its propagation direction as it encounters elongated holes opening
up. Again, this delaying mechanism operates regardless of volume fraction
primary alpha or interface phase width.

The moderate texture of [0001] poles eight times random in the T
(transverse) direction is fairly typical of rolled plate, but the eight times
random [0001] poles parallel to the rolling directions is somewhat unusual.
It is possible that the banded structure is associated with this latter tex-
ture. The decrease or absence of beta phase in these banded regions would
also suggest microsegregation of vanadium, although no evidence for this was
obtained. At any rate, the presence of the banded microstructure leads to
directionality in fracture toughness of 6-4.

For the beta processed material, directional effects were not ex-
amined based on studies reported in the literature showing that texture is
destroyed by beta processing.10 Correlation of the toughness values with
interface phase width is somewhat tenuous inasmuch as alpha phase particle
size, aspect ratios, and spacing are varying among the samples as well as
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interface phase width. However, examination of the fracture surface shows
that fracture basically advances by microvoid coalescence and that the crack
appears to follow along the alpha-beta interfaces. The voids are considerably
smaller in the tougher samples leading to the conclusion that a broad inter-
face phase can inhibit microvoid coalescence and thereby improve toughness.

4.2 Fatique Crack Growth Rate

The fatigue results indicate that microstructure influences crack
growth rates, especially at higher stress levels. The fracture mode is essen-
tially the same among the fatigue samples: cleavage-like fracture through the
primary alpha particles at low aK (<15ksi/in), gradually changing to striation
type fracture, seemingly less structure sensitive, as the stress level is in-
creased. The mechanism by which the condition having the broadest interface
phase (and the highest volume fraction of primary alpha) improves the FCP
resistance is the formation of numerous secondary cracks.

The influence of microstructure on FCP then, is to promote additional
cracking to absorb applied energy rather than impart resistance, per se, to an
advancing crack. From the limited data obtained here, it is not clear whether
the interface phase or volume fraction primary alpha (or some other parameter
such as amount of transformed beta regions) dominates the effect. The most
likely way in which increased volume fraction of primary alpha could improve
crack resistance would be through an increase in the strength of the beta
phase rather than any effects of larger alpha particle or increased a grain
boundary surface area. Increasing the volume fraction of primary alpha from
.71 to .92 increases the particle size from about 9 to 10um and the particle
surface area by about 20%. Such minor changes in these parameters would not
seem likely to cause such significant effects as are observed. On the other
hand, the beta phase will be markedly enriched in vanadium as the volume frac-
tion of primary alpha phase increases, and the solid solution strengthening
thus afforded could provide increased crack resistance, forcing the crack to
branch along interfaces. (The presence of decomposition of the beta phase in
the sample with the lowest volume fraction of primary alpha detracts from this
possibility, since the actual amount of beta phase was not established.)
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3 Alternatively, one way in which interface phase could promote crack
| branching is to nucleate cracks ahead of the advancing crack front in the
plastic zone. If a broad interface phase inhibits the transfer of slip be-
tween the alpha and beta phases, stress concentrations could arise at the
interface and cracks could form at more than one boundary position within the
] plastic zone. As these link up to the main crack, energy is absorbed and
crack branches result. Further work is needed to determine which, if either,
of these mechanisms speculated upon here is operative.
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Part II. Hydrogen Effects

4.3 Omega Phase 1

This study has confirmed that hydrogen suppresses omega phase form-
ation. The hardness curves in Fig. 15 indicate that nucleation of omega phase
is retarded by hydrogen and the TEM results support this observation. In this
respect, hydrogen acts in a manner similar to other beta stabilizers, even
though hydrogen is an interstitial, rather than substitutional, alloying
addition.

The effect of hydrogen on omega phase particle morphology is similar
to that observed for Zr additions in which it was shown that increasing the Zr
content of a Ti-10V alloy altered the omega morphology from cuboidal to ellip-
soidal.1l In that case, it was shown the Zr expanded the beta phase lattice
parameters, thereby reducing the misfit between the beta and omega phases.
Hydrogen is known to increase the beta lattice parameter.13 The reversion of
the omega morphology in the hydrogen bearing alloys from ellipsoidal to cu-
boidal with aging time is somewhat curious. As noted earlier, this is not the
result of a loss of hydrogen during the aging treatments. It is possible that é
500 ppm hydrogen is sufficient to expand the beta lattice parameter an amount
such that there is near zero misfit between the omega and beta phases. With
continued aging, however, as the volume fraction of omega phase increases (and
rejects hydrogen), the beta matrix becomes further enriched in hydrogen and
the lattice parameter expands such that the misfit is beyond zero, or a nega-
tive misfit, using Hickman's designation.s. Previous work3 showed that
hydrogen additions to the Ti-Mo system significantly increased the beta phase
lattice parameter and extrapolation of that data to the current Ti-V system
indicates the above speculation is reasonable.

4.4 Solubility of Hydrogen in Beta Phase L

Hydrides were not detected in a Ti-40V alloy containing up to
19,789 ppm hydrogen. The fact that TEM samples with high hydrogen contents
underwent spontaneous relaxation during thinning by ion milling indicates the
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material contains a high residual stress due to the presence of the hydrogen.
The observed increase in lattice parameter from 3.18A to 3.42A represents a 7%
increase as the hydrogen level increased from zero to ~16,000 ppm. The large
amounts of interstitial hydrogen causing large expansion of the bcc lattice
could result in the high residual stresses. This likely means there is a
limit to the 'softening' effect of hydrogen observed ear]ier,3 and that there
is some optimum level of hydrogen for "hydrogen assisted" forming.

4.5 Influence of Hydrogen on Ductility in an o/ Alloy

The exploratory tests run to examine the influence of hydrogen on
ductility in Ti-6A1-4V indicate some promise for this approach. The room tem-
perature tensile elongation was improved from 11-12% to 16% with the addition
of 1000 ppm hydrogen. However, the 350°C tests showed no improvement in
ductility. Further tests of this kind are needed to determine if this will be
a viable forming technique.

4.6 Tensile Properties of Beta Titanium in High Pressure Hydrogen

The finding that high pressure hydrogen seriously degrades the mech-
anical properties, and in particular the ductility, of beta titanium indicates
that the tolerance that these alloys have for hydrogen is distinctly limited.
Earlier results on Ti-Mo alloys also showed that at very high hydrogen levels,
ductility was severaly limited.12 This present result would indicate that
high levels of hydrogen are, in fact, reached in these room temperature high
pressure hydrogen tensile tests, probably by dislocation transport of hydrogen
into the interior of the specimen as has been suggested by previous workers. 13
These tests indicate that beta titanium alloys are probably not useful as con-
tainment vessels for high pressure hydrogen or for service in high pressure
hydrogen environment.
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5.0 CONCLUSIONS

Fracture toughness of Ti-6A1-4V, having an equiaxed primary alpha
structure, is more strongly influenced by microstructure developed as
a result of processing than by the presence or absence of interface
phase.

Fatigue crack propagation resistance in Ti-6A1-4V, having an equiaxed
primary alpha structure, can be improved by heat treatments which
increase the interface phase width. The FCP resistance is increased
by the promotion of extensive secondary cracking.

Hydrogen suppresses omega phase formation in Ti-20V.

Ti-40V will take at least 19,700 ppm by weight of hydrogen into so-
lution without hydrides forming. The beta lattice parameter is in-
creased significantly by hydrogen.

The commercial beta titanium alloy, Beta III, suffers severe duc-
tility loss in 5000 psi hydrogen as compared to 5000 psi helium. _
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APPENDIX I

The following reports have been submitted under the subject contract

and cover details of technical accomplishments in previous years of the

program.

SC5056.1TR Technical Report 1/13/78
SC5056.2TR Technical Report 6/23/78
S$C5056.3TR Technical Report 8/23/78

In addition to the above reports, the following technical papers have

been written for publication:

1.

2.

3.

4.

5.

C.G. Rhodes and N.E. Paton, "Formation Characteristics of the a/g Inter-
face Phase in Ti-6A1-4V," Met. Trans., Vol. 10A, 1979, pp. 209-16.

C.G. Rhodes and N.E. Paton, "The Influence of a/8 Interface Phase on
Tensile Properties in Ti-6A1-4V," submitted for publication.

L.A. Anhlberg, 0. Buck and N.E. Paton, "Effects of Hydrogen on Anisotropic
Elastic Properties of Bcc Ti-Alloys," Scr. Met., Vol. 12, 1978, pp. 1051-
54,

L.A. Ahlberg, O. Buck, N.E. Paton and E.S. Fisher, "Note on Effects of
Hydrogen on Anisotropic Elastic Properties of Bcc Ti-Alloys," submitted
for publication.

N.E. Paton and R.A. Spurling, "Effects of Hydrogen in Two Titanium
Alloys," in preparation.

Included in this appendix are complete copies of the three technical

reports submitted previously under this contract.
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7.1 FORMATION CHARACTERISTICS OF THE a/B8 INTERFACE
PHASE IN Ti-6A1-4V

C. G. Rhodes and N. E. Paton
Science Center, Rockwell International
Thousand Qaks, California

ABSTRACT

The conditions for formation of the interface phase, or interfacial layer,
in Ti-6A1-4V have been studied systematically. The interface phase does not
grow during isothermal treatments, but rather grows only during cooling from
elevated temperatures to about 6500C. The width of the interfacial layer is
a function of the cooling rate, having a maximum of about 4000A at 289C/hr.
The interface phase forms initially with an fcc structure which susbsequently

transforms to hcp « phase. A theoretical description of the mechanisms of

interface phase formation is presented.

47
J/0334A/ebs




T TN P VR TR T T T T

"

e

‘l' Rockwell International

Science Center

SC5056.1TR
INTRODUCTION

The microstructural feature which occurs under certain conditions at the
interphase boundaries of alpha and beta phases in titanium alloys has been
called alternatively “interface phase"(l) or "interfacial layer."(2) This
feature is most easily studied by transmission electron microscopy because it

grows to a maximum width of about one micron and generally is considerably

less than that. The role of interface phase in the B =« phase transformation

and its potential effect on mechanical properties are two aréas which warrant
further study.

The a/B boundaries have been shown to be an important factor in the
fracture of two-phase titanium alloys in the cases of tensile(3) and
fatigue(4) testing. The presence of an interfacial layer may influence the
fracture process by providing an easy crack path or by providing crack
initiation sites. Strength and ductility may be affected if the presence of
the interface phase inhibits the transfer of slip between the « and B phases.
Margolin et al.(5), on the other hand, have recently suggested that
interface phase would have only minor effects on ductility.

Previous work(1s2) jndicated that the interfacial layer could form
either with an fcc structure or with an hcp structure, and evidence was
presented that the interface phase was a phase in a “non-Burgers"
orientation(l) or in a Burgers orientation different from that of the
adjacent primary a.(5) This paper reports the results of a study undertaken
to establish systematically the conditions for interface phase formation and

its crystallography in Ti-6A1-4V.
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EXPERIMENTAL

Two heats of Ti-6A1-4V were used in this work, the chemical analyses are
listed in Table I. The "as-received" microstructure of both heats consisted
of ~90% equiaxed primary alpha particles, having approximately a 12um diameter
in a continuous B8 matrix. The heat treatments were carried out with the
samples either in a dynamic inert gas atmosphere or encapsulated in evacuated
ampoules. The isothermal reaction treatments were accomplished by quenching
samples directly from an inert-atmosphere furnace held above'the beta transus
into a fluidized bed held at the reaction temperature. A programmable
controller supplying power to the furnace was used for controlled-cooling-rate
i treatments.

Thin foils for transmission electron microscopy were prepared by
conventional electropolishing techniques(6) or by ion milling.(7) The
foils were examined in a Philips EM-300 electron microscope equiped with a

double tilt goniometer stage.

Since the projected width of the interfacial layer in an electron
micrograph is dependent upon the angle which the interface makes with the I
electron beam, a standard geometric-crystallographic condition was established {
for all interface phase measurements. This condition calls for the interface |
to be parallel to the electron beam within 50 and for the « phase to be in a
two-beam diffracting condition with g = 0002. The standard condition can be
achieved in the following manner. When 6-4 is cooled from above the beta
transus, the alpha phase which results from the B—f8 + « transformation forms f

as elongated plates. The rate of cooling generally controls the aspect ratio
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of the plates. Previous work(8,9) has shown that these

nucleation-and-growth plates have a 1334f 8 habit plane which corresponds
through the Burgers relation tola l41§0!<: phase plane(a) and is identical

to the martensite habit pIane.(lo) The plates grow with the long direction
of the plate parallel to [0001] « and (011] 8. The 4150} @ habit plane lies
110 from 11010} a about the [0001) «. The standard condition for electron
microscope observations can then be achieved by a 159 tilt about the

] [0001] ¢ from the<10]-.0>a zZone; the standard condition lies halfway between

the <1010 > and <1120 >« zones.
RESULTS

I. Layer Formation Behavior

The' interfacial layer has been shown previously(1,2) to occur either
with a dense internal structure (called a striated layer) or with no internal

structure (called a monolithic layer). The striated layer was interpreted as

having the hcp structure of the alpha phase, but in a different orientation |
from the adjacent primary alpha. The monolithic layer was shown to have an {
fcc structure.

In order to establish the conditions under which the interface phase will

grow, two heat treat schedules were devised. The first was a series of
isothermal reaction treatments aimed at establishing a T-T-T diagram for

interface phase growth. Samples of 6-4 were solutionized above the beta

» transus (at 10300C) and then quenched directly to one of several g

temperatures below the B8 transus. The samples were held at the reaction
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temperature for times from 1 minute to 24 hours. Electron microscopy of the

! samples revealed that there was no growth of the interface phase during

isothermal treatments. For example, Figure 1 shows the alloy held for
1 minute (a) and 24 hours (b) at 7040C (13000F). The 7040C (13000F)
reaction temperature is above the martensite start temperature (Ms) for
Ti-6A1-4V(11) and the beta to alpha transformation, which is approximately
25% complete after 2 minutes, is complete after about 4 hours. Isothermally
reacting below the Ms does not alter the observed result of negligible layer
growth during isothermal treatment, as illustrated in Figure 2. In all cases
E a the layer was so narrow that the nature of the layer (striated or monolithic)
P could not be determined either by selected area diffraction (SAD) or by
- f imaging.
The second heat treat schedule was a series of controlled cooling i
treatments in two parts: cooling from above the B transus and cooling from

below the B transus. The samples were cooled to temperatures in the range of

4720C (8009F) to 9279C (17000F) at rates ranging from 2.80C/hr i

(59F/hr) to 5550C/hr (10000F/hr) and were water quenched immediately

upon reaching the lower temperature. Samples were also cooled to room

temperature. These treatments produced interfacial layers of varying

thicknesses. The widths of the layers were measured for all of the treatments f
and the results obtained from the samples cooled from above the B transus are |
presented in Figure 3. Samples cooled to temperatures below 760°C

(14000F) appear to fall on a single curve which shows a maximum layer width
at 280C/hr (509F/hr). The samples cooled to 7600C (14000F) exhibit a

narrower layer width than those cooled further, and also appear to have a
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maximum around 289C/hr (500F/hr). Samples cooled to 8169C (15000F)
i and above had no interfacial layer in the a- 3 interfaces.
The interface phase was predominantly the striated type in all cases.
Although the monolithic type layer could be observed in most samples, it
rarely, if ever, was present in more than 50% of the interfacial area, and
more generally was observed in 25% or less of the interfaces. No systematic
correlation of the amount of monolithic interface phase with cooling rate or

lower temperature could be discerned. The monolithic layer was generally on

the order of one-half the width of the striated layer in any one sample. The
values in Figure 3 are the mean values of measurements of both striated and
monolithic layers and the fairly large error bars (which are 95% confidence
intervals) reflect the large difference in widths of the two types of layers.
Examples of the interface phase in these samples are shown in Figures 4

and 5. Those layers in samples cooled to 6499C (120Q00F), Figure 4, have a
well-developed striated structure, while those in samples cooled to 7600C
(14009¢), Figure 5, have a less developed internal structure.

A series of samples was controlled cooled from below the 8 transus. These
samples were cooled from an upper temperature of 9820C (1800°F), 9270C
(17009F) or 8710C (16009F) at rates of 289C/hr (509F/hr), 56°C/hr

! (1009F/hr) and 1129C/hr (2009F/hr). As was the case for samples cooled

from above the B transus, no interface phase was formed on cooling to 8160C
(15000F) and higher. Those cooled to 7609C (14009F) and lower showed i
mainly striated layers similar to the results observed for samples cooled from {

above the B transus.
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II. Crystallography of Interfacial Layer

The monolithic layer has an fcc structure, as reported previously(l,2)
with a lattice parameter approximately 4.26A. Figure 6 is a sequence
illustrating the fcc monolithic layer. The orientation relation between the
fcc monolithic layer and the bcc beta phase is (110)8 | | (lfl) fcc and
[111] B | 1[110] fcc, which is the Kurdjumov-Sachs relationship. The
orientation relation between the fcc monolithic layer and the hcp alpha phase
is (0002) a || (111) fcc and (1120] « | | [110] fcc. This relationship has close
packed planes parallel, and close packed directions para11el.in the two
phases.

Occasionally, a monolithic layer can be found with a few internal
striations such as shown in Figure 7. Trace analysis of these striations
reveals that they lie in a (111) plane, suggesting that these features may be
twins or stacking faults, both of which 1ie on (111) planes in fcc
structures.

A striated layer is composed of a densely packed series of planar features
which appear to be extending into the alpha phase, ?igure 8. Trace analysis
of the striations shows that they lie parallel to the basal plane of the alpha
phase. The SAD pattern from a striated layer such as that in Figure 8 is
composed of arced reflections as illustrated in Figure 9. This pattern is
similar to that observed for Type 2 a]pha(9) but in this case can be indexed
as fcc with both twinned and untwinned zones present. Figure 9 illustrates
the relationship [111)8 || [1120] @ ||[110] fcc. To confirm this relationship
and that the striated layer is mainly composed of twinned and untwinned fcc

structure, Figure 10 shows another orientation of the «a and 8 phases. In
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Figure 10, the B zone normal is [100] and, in agreement with the Burgers
relation, the adjacent a phase is near a [llib] zone normal.

The interface orientation for plate-shaped alpha phase was confirmed to be
1334} B |It41§0la. Additionally, several interfaces in samples having
equiaxed alpha particles were analyzed. It was found that many of the
noncurved interfaces had the same orientation as that observed for the
plate-shaped a, namely 13341 8 | l41§0la. Another interface orientation
observed was (10i2la. The orientations held whether the interface phase was

monolithic or striated.
DISCUSSION

The results have shown that the interfacial layer forms only during a
continuous change in temperature and is not formed by isothermal treatments.
This would indicate that the interface phase is a consequence of composition
shifts and/or volumetric constraints which occur during the change in relative
amounts of aipha and beta phases present. During slow cooling, there is a
continuous increase in the equilibrium volume fraction of o phase and a
corresponding decrease in volume fraction of B phase which occurs principally
as growth of the primary «a particles rather than nucleation of new «
particles. Since the equilibrium a phase in 6-4 contains<1.2%
vanadium,(12) there is continual diffusion of vanadium from the newly formed
ainto the B phase as thea-pg interface advances into the g phase. The
composition gradient thus established may influence the formation of interface

phase as described later.
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The observations that the monolithic (fcc) layer exists in 50% or less of
the interface area and always in conjunction with the striated form suggests
that the monolithic is a transient form of the interface phase. Figure 11
illustrates that the fcc layer is frequently observed adjacent to the beta but
in combination with the striated interface phase which in turn is adjacent to
the growing primary a@ particle. The fact that growth is taking place into the
beta suggests that the monolithic fcc phase forms first, as a nonequilibrium
transition phase. Another point which would appear to support the view that
monolithic is a transient form is that the fcc layer occurs ﬁost frequently on
curved boundaries convex into the beta phase. Since boundary curvature might
be expected to be a measure of the driving force for boundary motion, this
suggests that the most rapidly moving boundaries (those farthest from chemical
equilibrium) are the ones with the most monolithic fcc interface phase. On
the other hand, straight boundaries were found to be frequently associated
with the striated interface phase, as might be expected if these were closer
to equilibrium.

We believe that the bcc B phase transforms initially to an fcc structure
as a result of the composition gradients described above. As reported
earlier,(z) the fcc structure is an intermediate atomic arrangement in the
B -« transformaton. Calculations show that the expected lattice parameter of
the fcc structure would be 1.4 times that of the B8 phase. The lattice
parameter which we observe for the monolithic layer is 4.265, which is
approximately 1.3 times larger than the B8 parameter. The high vanadium
content apparently influences the B8 — o transformation such that the fcc

transition structure is stabilized.
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The transition from fcc interface phase to the striated form was, as noted

earlier, frequently associated with {111l twin formation in the fcc

structure. That is, the initial form of interface phase is a narrow fcc
monolithic layer which is subsequently modified by the formation of (111)
twins. The heavily twinned fcc layer then transforms to equilibrium hcp alpha

phase resulting in thin plates of alpha phase. Inspection of the

crystallography of the fcc to hcp transformation reveals that both the twinned !
and untwinned plates will transform to an identical alpha phase orientation, '
which is the Burgers orientation. Thus the primary alpha pa}tic1e grows
during cooling with its original orientation in spite of the complex
transformation sequence. The newly formed a phase p]ateé in the interface
region appear to retain a high density of the prior fcc dislocations, while
the twin boundaries seem to persist as internal boundaries in the a phase.
Although most of this debris appears to eventually anneal out, many basal
plane "faults" are present in the primary alpha particles and are probably
remnants of the fcc twin boundaries, Figure 12.
This representation of interface phase formation precludes the presence of
Type 2 alpha.(9) The SAD patterns from interface phase had
previously(1,2) been compared to those arising from Type 2 @ and their
similarity led to the conclusion that the striated interface phase was hcp ;§
aphase of an orientaton different form the adjacent alpha. However, this
work shows that the interface phase patterns are, in fact, from twinned fcc
structures. It is not surprising that twinned fcc and twinned hcp (Type 2 )
having the (110) || (lléb) and [lfi] [1 [0001] relationship (with d-spacings
of parallel planes within 5%) would generate similar diffraction patterns with

respect to the parent B phase.
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: In order for the above description of interface phase formation to be
acceptable, the possible driving forces involved in the reactions should be
examined. The metastable condition which exists during cooling was described
earlier. As the a/B interface advances into the (3 phase, the B phase becomes
more enriched in V and more vanadium must be rejected by newly formed

a phase. A potential chemical driving force for the formation of interface
phase results from the nonequilibrium, high vanadium content of the a/p
interface region.

The influence of diffusion of vanadium and aluminum in the vicinity of the
interface is difficult to assess quantitatively under these conditions where
the interface is moving, the temperature is changing constantly, and the
equilibrium volume fractions and compositions of the two phases are changing.
However, a qualitative description of the composition and composition profile
in the vicinity of the interface can be made. This has been done

schematically in Figure 13. In Region I, which corresponds to the very slow

cooling rates in Figure 3, equilibrium conditions obtain producing the sharp

composition gradient depicted in the figure. This holds because the 8 — «

transformation will be slow, allowing vanadium to diffuse from the interface !
into the B phase. In Region III, which corresponds to the very fast cooling
rates in Figure 3, a sharp composition gradient develops because the B =«
transformation is rapid. In this case, the « phase forms with a maximum
(critical) vanadium content, which is higher than the equilibrium cortent,
because the rapid cooling rate inhibits vanadium diffusion. Region II, which
corresponds to the mid-region of Figure 3, exhibits a broad composition t

gradient in the a/p interface region. If vanadium diffusion is slightly
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slower than beta transformation, the composition gradient will develop as
depicted in the figure. The fcc layer will exist at the B phase side of the

interface corresponding to a high vanadium content, while the hcp layer forms

on the a phase side of the interface corresponding to a lower vanadium
content.

In addition to the chemical change during cooling noted above, there is
approximately a 5% volume expansion coincident with the 8- a transformation.
This expansion, together with the larger coefficient of thermal expansion of
the B phase, will place the alpha phase in compression. Since the 8 phase in
Ti-6A1-4V has a higher yield strength than the « phase,(13) the compressive
stresses may be relieved by deformation in the vicinity of the a/B8 interface
where the stresses will be highest. The twins observed in the monolithic fcc
layer can provide the necessary stress relief. These stresses thus account
for the deformation of the monolithic layer and provide a mechanical driving
force for the completion of the bcc to hcp transformation.

This model of interface phase formation predicts that the initial product
of the B phase decomposition will be an fcc phase having a vanadium content
higher than that of the equilibrium « phase. With continued cooling, as the

monolithic (fcc) layer enlarges, the compressive'stresses on the

a phase are relieved by deformation of the fcc layer. The subsequent
diffusion of vanadium from the twinned fcc layer allows it to complete the
transformation to hcp alpha phase. The process continues during cooling, thus
producing broad striated layers.

A final comment regarding the similarities and differences of

Type 2a(9) and interface phase seems appropriate. Type 2 a is generally
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observed in the isothermal decomposition of metastable B phase alloys, which
are characterized by lower volume fractions of a phase (compared to a+pS
alloys). Since the fcc structure does not form to any significant degree
during isothermal treatments, the alpha phase particles form with the hcp
structure in the metastable B phase alloys. Thus the original
alternatives(9) of nucleation and growth or mechanical twinning (which was
subsequently supported by Margolin et al.(5)) mechanisms are not negated by

the observation of fcc structures in nonisothermal transformations.

CONCLUSIONS

1. The a/B interface phase does not grow during isothermal treatments. !

2. The interphase phase grows during slow cooling and its final thickness is
a function of cooling rate.

A 3. The monolithic morphology of interface phase has a face centered cubic

» structure and obeys the crystallographic reiationship:
(110)8 || (111) fec || (0002)« and [111]8 || [110] fcc || [1120]e.

4. The fcc monolithic interface phase may be a transitiom structure in the
B—a transformation.

5. The interface phase may result from sluggish beta stabilizer (vanadium)

diffusion away from the transforming ( B—a) interface region.
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TABLE I
COMPOSITION BY WEIGHT OF Ti-6A1-4V
Heat  Ti Al V Fe C 0 H N
#1 Bal 6.15 4.09 0.18 0.011 0.129 0.0067 0.019
#2 Bal 6.1 4.0 0.19 0.02 0.122 0.0088 0.018
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FIGURE CAPTIONS

TEM of Ti-6A1-4V isothermally reacted at 7040C (13000F) for
(a) 1 minute, (b) 24 hours.

TEM of Ti-6A1-4V jsothermally reacted at 5930C (11009F) for
(a) 2 minutes, (b) 24 hours.

Interfacial layer width as a function of cooling rate from 10300C
(18859F) in Ti-6A1-4V.

TEM of Ti-6A1-4V cooled 289C/hr (509F/hr) from 10300C
(18859F) to 6499C (12009F) and water quenched.

TEM of Ti-6A1-4V cooled 289C/hr (500F/hr) from 10300C
(18859F) to 760°C (14009F) and water quenched. ‘

TEM of Ti-6A1-4V illustrating fcc structure of monolithic interface
phase: (a) SAD of interface phase in [011] fcc orientation and
adjacent beta phase in [001] orientation, (b) dark field image of
beta phase, (c) dark field image of interfacial layer, (d) dark field
of interfacial layer.

TEM of Ti-6A1-4V 11lustratiﬁg internal striations in monolithic
layer.

TEM of Ti-6A1-4V illustrating detailed structure of striated
interfacial layer: (a) bright field, (b) dark field.

Selected area electron diffraction pattern from striated interfacial
layer.

Selected area electron diffraction patterns confirming orientation
relation among beta phase, interface phase, and alpha phase.

TEM of Ti-6A1-4V illustrating monolithic (white) and striated (dark)
interfacial layers in @/B boundary.

TEM of Ti-6A1-4V demonstrating basal plane faults in primary alpha
phase.

Schematic description of vanadium concentration gradient in three

regions of Figure 3 corresponding to (I) very slow cooling rate,
(II) intermediate cooling rate, and (III) rapid cooling rate.
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Fig. 1 TEM of Ti-6A1-4V isothermally reacted at 704°C (1300%F) for
(a) 1 minute, (b) 24 hours.
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Fig. 2 TEM of Ti-6A1-4V isothermally reacted at 593°C (1100°F) for
(a) 2 minutes, (b) 24 hours.
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Fig. 4 TEM of T1 6A1-4Y cooled_ 28°C/hr (50°F/hr) from 1030°C
(1885°F) to 649°C (1200° F) and water quenched.

Fig. 5  TEM of Ti-6A1-4Y cooled 28°C/hr (50%F /hr) from 1030°C
4 (1885°F) to 760°C (1400°F) and water quenched.




Fig. 6

'l' Rockwell International

Science Center

SC5056.1TR

TEM of Ti-6A1-4V illustrating fcc structure of monolithic interface
phase: (a) SAD of interface phase in [011l] fcc orientation and
adjacent beta phase in [001] orientation, (b) dark field image of
beta phase, (c) dark field image of interfacial layer, (d) dark field
of interfacial layer.
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Fig. 7 TEM of Ti-6A1-4V illustrating internal striations in monolithic
layer.
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Fig. 8 TEM of Ti-6A1-4V illustrating detailed structure of striated
interfacial layer: (a) bright field, (b) dark field.

70




-

B

SRR

Fig. 9

z_
‘ ' Rockwell International !
f

Science Center

SC5056.1TR

PP ———

?e]ected area electron diffraction pattern from striated interfacial
ayer.
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Fig. 10 Selected area electron diffraction patterns confirming orientation
relation among beta phase, interface phase, and alpha phase.
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TEM of Ti-6A1-4V illustrating monolithic (white) and striated (dark) !
interfacial layers in a/8 boundary.
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Fig. 12 TEM of Ti-6A1-4V demonstrating basal plane faults in primary alpha
i phase.
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7.2 THE INFLUENCE OF o/ INTERFACE PHASE ON
TENSILE PROPERTIES IN Ti-6A1-4V

C.G. Rhodes and N.E. Paton

Rockwell International Science Center
Thousand QOaks, California

ABSTRACT

The effects of @/B8 interface phase on room temperature tensile
properties in Ti-6A1-4V having an equiaxed primary a microstructure have been
studied systematically. Due to the conditions under which it grows,
manipulation of the interface phase width results in alteration of the volume
fraction of primary a in the alloy. Tensile yield strength and elongation
were correlated to interface phase width and volume fraction primary a. The
relative individual influence of each of these microstructural features on
properties is not unambigously clear, but evidence indicates that yield
strength increases with increasing interface phase width when the interface
phase exceeds about 25008 and elongation decreases with increasing interface
phase width when the interface phase is less than about 2500R. It is shown
that the interface phase raises yield strength and lowers elongation by acting
as a barrier to slip, intensifying planar dislocation arrangements in the
primary alpha. The concepts of a “rule of mixtures" and “continuous phase" as
app lied to alpna plus beta phase microstructures are examined in terms of

describing the tensile properties of Ti-6A1-4V.
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INTRODUCTION

“Interface phase" and "interfacial layer" are terms used to describe
the microstructural feature which is present under certain conditions in the
a/B interfaces in two-phase titanium a]]oys.(1'4) Interface phase was
previously shown to occur as an intermediate step in the B-a transformation
during slow cooling, presumably as a result of sluggish diffusion of beta

(4)

stabilizers. Slow cooling is an integral part of many processing

techniques for titanium alloys, and consequently the potential effects of

interface phase on mechanical properties in these alloys warrant
investigation.

The presence of a broad layer of interface phase--it has been

(4)

observed as broad as 1 micron' ‘--may lead to deleterious effects on

mechanical properties. For instance, the interface phase might provide an :
easy crack path or crack nucleation sites in a fatigue failure or a tensile
overload failure. Additionally, the interfacial layer may affect ductility by
inhibiting slip between the a and B phases or by providing prolific
dislocation sources for both the a and B phases.

(3)

Margolin et al., on the other hand, have speculated that
interface phase should have Tittle or no effect on ductility. They suggest
that slip is easily accommodated across a/B interfaces, however, they

cite results on alloys which have been heat treated to minimize

(3)

interface phase. Margolin et al. conclude that the possible effects of !
interface phase on crack propagation would be, at most, only a secondary

effect. i

: |
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In light of the uncertainties surrounding the influence of interface
phase, a study was undertaken to examine the effects of interface phase on
mechanical properties in Ti-6A1-4V. This paper reports the results of the

tensile properties portion of the study.
EXPERIMENTAL

Two heats of Ti-6A1-4V were used in this work, the chemical analyses
are listed in Table I. The "as-received" microstructure of both heats
consisted of ~90% equiaxed primary alpha particles, having approximately a
12um diameter in a continuous B8 matrix. The heat treatments were carried out
with the samples either in a dynamic inert gas atmosphere or encapsulated in
evacuated ampoules. A programmable controller supplying power to the furnace
was used for controlled-cooling-rate treatments.

Tensile tests were conducted on an Instron testing machine with an
extensometer attached to the sample. The samples were in the form of round
bars with a 6.35 mm diameter and 31.75 mm gauge length. A strain rate of
2.6x10°% sec™! was used in a1l tensile tests. The starting material of
both heats used in the study was in the form of plate. Tensile specimens from
each heat were taken such that the tensile axis corresponded to the same
orientation of the plate for all samples to reduce texture effects in the
tensile results.

Thin foils for transmission electron microscopy were prepared by

conventional electropolishing techniques(s) or by ion mi]]ing.(s) The
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foils were examined in a Philips EM-300 electron microscope equipped with a

double tilt goniometer stage.

RESULTS

Starting Conditions

In order to determine the influence of interface phase on tensile
properties in Ti-6A1-4V, the other microstructural variables must be held
constant, or at least allowed to vary within a minimal range. The major
microstructural feature to be controlled in a/B titanium alloys is the primary
alpha, because its morphology and volume fraction can affect tensile
properties.(7) A fixed morphology of primary alpha was, therefore,
considered necessary for this study and, inasmuch as Ti-6A1-4V is most
frequently used in an @/B processed condition, an equiaxed primary alpha
morphology was selected. The volume fraction of primary alpha was less easily
controlled because of the condition required to vary the interface phase. It
was shown previous1y(4) that interface phase can only be altered by altering
the cooling rate from temperatures high in the a+f phase field or in the
B-phase field. Since the amount of primary alpha phase will be affected by
cooling rates and quenching temperatures, the variety of treatments used to
produce various interface phase widths resulted in volume fractions of primary
alpha ranging from .73 to .90 in tensile samples.

Previous work(4) showed that the interface phase width in Ti-6A1-4V

can be varied from 5008 to 4500R. The constraint of retaining a constant
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volume fraction primary alpha while developing various widths of interface

L4 phase proved virtually prohibitive in the formulation of heat treatments. The

By

heat treatments selected for tensile specimens were either single-stage
(controlled-cool treatments) or two-stage (controlled-cool followed by é
isothermal treatments). The isothermal step in the two-stage treatments was

intended to reduce the width of the interface phase which had been formed

during the slow cooling step. This was based on the concept that the lower

amount of equilibrium alpha phase at the isothermal step temperature would
promote transformation of a—-B which would initiate at a/B boundaries and
consume interface phase. These treatments were only moderately successful in

significantly altering interface phase widths at isothermal-treatment

temperatures of 760°C (1400°F) and below, apparently because diffusion
(transformation) rates are low at those temperatures and the maximum

isothermal hold time was six hours. The single-stage, controlled-cooi

O N e e T

treatments were more effective in altering the interface phase width, but at
the same time these treatments produced a wider variation in volume fraction

primary alpha phase.

There are other microstructural features which may vary as a result !
of the manipulation of the interface phase width. Two of these features which
may influence properties are beta phase decomposition and Ti3A1 formation in

the primary alpha. During continuous slow cooling from high in the a+f phase |

field, there is little likelihood of o -phase precipitation within the B-phase,
but upon gquenching from a predetermined temperature at the end of the

controlled-cooling step, the beta phase may decompose, depending upon its

80
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composition. There may also be decomposition of the beta phase during the
isothermal step of the two-stage heat treatments, again depending upon the
B-phase composition. The presence of transformed B8 in the microstructure can
have an effect on properties.(7)

The formation of T13A1 is a sluggish reaction, but is known to
occur in Ti-6A1-4V.(8) The very slow cooling rates required to promote
large interface layer widths are conducive to a, (Ti3A1) formation. The
presence ofa2 particles in a-phase has been shown to influence tensile
properties.(s)

A1l of the microstructural features described here can have an effect
on mechanical properties. Each has a different degree of influence on any
particular property and the relative contribution of each acting singly or in
concert with others can only be analyzed when all variables are controlled.
In order to isolate the effects of interface phase on tensile properties,
therefore, the other microstructural variables must be held reasonably

constant.

Tensile Results

Room temperature tensile tests were performed on fourteen specimens
given a variety of subtransus heat treatments aimed at producing a variety of
interfacial layer widths. In all cases, however, the primary a particles were
equiaxed. The tensile results, presented in Table II, reveal that a wide
range in tensile yield strengths (from 683 to 903 MN/mz) can be developed by

altering the heat treatment of a/fB processed Ti-6A1-4V. The ultimate tensile
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strength is influenced considerably less by heat treatment within each alloy
heat, although there is a systemic difference in ultimate strength between the
two alloy heats.

Tensile elongation varies from 12.6 to 18.3% among the samples with
no systematic difference between the two alloy heats. Generally, the tensile
ductility increases as the yield strength decreases. Table II also lists the
volume fraction of primary alpha phase for each tensile test specimen. These
values are seen to range from 0.73 to 0.90.

In order to determine the inherent scatter in identical samples, five
tensile specimens from heat #2 were given the identical treatment of
980°C/2 hrs, cooled at 56°C/hr to 760°C/HQ, which should produce a
microstructure containing a narrow interface phase. These tensile results
showed an average yield strength of 700.5 +15.8 MN/m2 and an average
elongation of 15.3 +1.1%, where the limits are 95% confidence intervals.
Although this small spread may result from variations in microstructure, it is
assumed that the microstructure is constant among the samples and the scatter
is the statistical variation for identical samples. This means that
correlations drawn between properties and microstructure must be made among
samples in which yield strength varies by more than 31.6 MN/m2 and

elongation by more than 2%.

Microstructures

A typical example of the microstructure of the tensile samples is

shown in Fig. 1, where the equiaxed alpha particles as mentioned earlier, are
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on the order of 12 microns in diameter. The effects of volume fraction
primary alpha on tensile yield strength and tensile elongation are illustrated
in Figs. 2 and 3. These plots indicate that there is a correlation of the
amount of primary alpha in the microstructure with these two tensile
properties, although there is scatter in the data. It would be logical to
assume that other microstructural features mentioned earlier would also be
contributing to the yield strength and elongation of each of these samples and
may, in fact, account for some of the scatter observed in the plots of Figs. 2
and 3.

Transmission electron microscopy is required for characterization of
interface phase, transfecrmed 8, and o, particle precipitation in the 6-4
alloy specimens. Although the heat treatments were designed to preclude the
precipitation of a-phase particles within the 8-phase matrix, test specimens 5
and 6 were found to contain some transformed B regions. However, since
a precipitation in the B-phase generally acts to strengthen the alloy(7) and
no apparent strengthening has occurred in tests 5 and 6 due to «-phase
particle precipitation (compare tests 5 and 7 which are within scatter, or
tests 6 and 3), transformed B can be ignored as a significant microstructural
feature in the tensile tests.

Each of the fourteen tensile samples was examined for«rz formation
and test specimens 1, 9, and 10 were found to contain a,. Figure 4
illustrates a typical example of the distribution of the fine @, particles.
Insnection of Table II reveals that test specimen 1 had the greatest yield
strength of both alloy heats and the lowest elongation of heat 1. Similarly,
test specimens 9 and 10 had the highest yield strength and lowest elongation
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of heat 2. It is quite likely that the presence of 02 in the primary o has
influenced the tensile properties.

In the course of this investigation, we had occasion to re-heat
samples which contained a, particles. It was noted that reheating to
temperatures as high as 760°C does not dissolve the @,y particles, whereas
816°C is sufficient for re-solution of the particles. This behavior is
illustrated in Fig. 5.

The final microstructural feature analyzed in this study is the /g
interface phase. Before an examination of the influence of interface phase on
tern;ile properties is made, however, the relationship between interface phase
width and volume fraction primary alpha needs to be established. This
relationship is presented in Fig. 6, where a least squares fit of the data
indicates a positive correlation of layer width and volume fraction primary
alpha. This relationship clearly arises because of the mechanism by which
interface phase forms.(4)

Figures 2 and 3 indicated a dependence of tensile properties on
volume fraction primary alpha. However, the curve in Fig. 6 leads to the
conclusion that the tensile data shown in Figs. 2 and 3 might alternatively be
interpreted in terms of interface phase width rather than, or in addition to,
volume fraction primary alpha. If interface phase does indeed influence
tensile properties, its relative etfect on those properties might be dominant
or it might be relatively minor when compared to the effect of volume fraction
primary alpha on properties. In the following paragraphs, the tensile data
will be presented alternatively in terms of, first, the assumption that the
interface phase exerts only a minor influence on properties, and, second, the
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assumption that interface phase has a dominant etfect on properties. This
treatment of the data is made in order to assess the relative effects of
interface phase and primary alpha in influencing tensile properties.

If the interface phase has only a minor effect on tensile properties,
then one might expect to tind that the scatter in the data points in Figs. 2
and 3 could be accounted for by the presence of interface phase. In order to
examine the influence of interface phase on the scatter of the Fig. 2 and 3
data, tensile properties of test specimens having nearly identical volume
fraction primary alpha (v.f.ap) should be compared. Inspection of Fig. 2

reveals six test results within the narrow range of 0.88 +.02 v.f.a of

p*
these six, three are samples which contained 02 particles and, therefore,

are eliminated from consideration of interface phase etfects. The other three
show a variation in yield strength of 83 MN/mZ, or about a 10% variation.
These data are plotted in Fig. 7 as a function of interface phase width. A

least squares fit of the three data points from samples with no @, in the

2
microstructure is included to show the trend of the data, not necessarily to
imply a linear relationship. The plot indicates a positive correlation of
tensile yield strength with interface phase width, and that, at least for
interface phase widths greater than 27003, interface phase can account for the
scatter in the data points of Fig. 2.

In a similar manner, inspection of Fig. 3 shows four test results
within the narrow range of 0.80 +.01 v.f.o,. These data which show a wide
variation in elongation are plotted in Fig. 8 as a function of interface phase
width. Again, a least squares fit of the data is drawn only to indicate the
trend which 1s a negative correlation of tensile elongation with interface
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phase width. It can be seen that at least for interface layer widths less
than 28003, interface phase can account for the scatter in the data points of
Fig. 3.

The approach used in the generation of Figs. 7 and 8 was one that
assumed the influence of interface phase on tensile properties to be minor
compared to the influence of v.f.ap. If, on the other hand, the effect of
interface phase were dominant over v.f.ap,
as in Figs. 9 and 10, in which the influence of v.f.q

the tensile data could be plotted
D is ignored and all
data are plotted on a single graph. Figure 9 reveals that interface phase has
little influence on tensile yield strength until it attains a width of greater
than ZbUOR, beyond which it has a strong influence on yield strength.

The relationship between elongation and interface phase width is
shown in Fig. 10. In this case, the tensile elongation decreases with
increasing interface phase width until the layer reaches—~2500ﬂ, at which
point the elongation appears to have attained a minimum value. Continued
increase in interface phase width beyond'~2500R has little influence on
elongation.

The dependence of yield strength or elongation on interfacial layer
width 1s different from the dependence of these properties on volume fraction
primary alpha (compare Figs. 2 and 9,or 3 and 10). Although this observation
1s not evidence that one microstructural feature is dominant over the other as
regards tensile properties, it seems to indicate that each has some effect on
the properties. More will be said on this in the Discussion Section.

The gauge section of each of the tensile samples was examined by thin

foi1l transmission electron microscopy in order to determine the influence of
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samples with broad interface phase exhibited more intense planar slip in the
primary o particles whereas those with narrow interface phase showed a lower density
of dislocations contained in planar bands, Figs. 11 and 12. The prominant slip
bands in Figs. 11(a) and 12(a) are seen to contain a high density of dislocations;
trace analyses indicated that these bands lie on ‘1010: plenes. The samples with

(
narrow interface phase, Figs. 11(b) and 12(b), show little indication of planar slip.

DISCUSSION

This work has shown that there is a correlation between tensile
properties and either volume fraction primary alpha or interface phase width
or both. In order to resolve the problem as to whether the properties are
influenced by primary alpha or interface phase, the expected behavior will be
examined and compared to the experimentally observed results.

In examining the influence of v.f.ap on yield strength, Fig. 2, one
must first consider the strengths of both the alpha and beta phases. It is
assumed that the vanadium content of the primary alpha is unaltered from a
maximum value of about 1.2 wt%(g) as v.f.ab changes, and therefore, the
yield strength of the alpha phase will not be affected. The vanadium content
of the B phase, however, changes as the volume fraction 3-phase changes.
Calculations show that the composition of the B phase is ~23.5 wt% V at

90%ap and 13.8 wt% V at 80%ab. Extrapolation of the data of
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(10)

Ling et al. shows that the tensile yield strength of Ti-V (B-phase) will
increase by ~40% as the vanadium content increases from 13.8 to 23.5 wt%.
There is some question as to whether a rule of mixtures predicts the
strength of the /B alloys or whether the strength more closely follows that
of the continuous phase.(7) A rule of mixtures has likely been found
lacking in predicting mechanical properties in /B alloys because of the
duplex (or triplex) distribution of a-phase, for these alloys are frequently
treated to produce primary alpha, seccndary alpha, and finely dispersed alpha
in a transformed B matrix. The (normalized) contribution of each of these to
the yield strength of the alloy would not be equal because each provides a
different strengthening mechanism. However, in t'e present study, a rule of
mixtures could be applied because the microstructure consists of coarse,
equiaxed primary « particles in a nontransformed B8 matrix; that is, the alloy
is composed of a mixture of two phases ih which the presence of each phase
only minimally influences the properties of the other. If one assumes a rule
of mixtures to account for the two-phase alloy yield strength (Fig. 2), then
the increase in B-phase yield strength (based on the extrapolation of Ling
et al. data) only accounts for a 20.6 MN/m2 increase in the alloy yield
strength for an increase in primary alpha from .8 to .9 volume fraction.
Clearly, a rule of mixtures analysis does not account for the large increase
in yield strength with v.f.ap.
If one assumes that the yield strength of the two-phase alloy is
governed by that of the continuous phase, in this case the g-phase, it would

be expected that the alloy yield strength should increase by the 40% which was

shown to be the B-phase increase. The observed increase, Fig. 2, is
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124 MN/m2 which corresponds to about a 17% increase. In this instance, the
increase in alloy yield strength is significantly overestimated by the
assumption that the continuous phase dominates the tensile properties. It
appears, then, that the rule of mixtures does not apply in a system where it
logically could and that the continuous-phase theory does not apply, but
rather the observed behavior lies somewhere between these two extremes. The
observed behavior could result from 8-phase solid solution strengthening which
contributes to the yield strength in some modification of the rule of mixtures
or it could result from the presence of an additional microstructural feature,
namely interface phase.

Further evidence that the behavior observed in Fig. 2 is not
necessarily the result of B-phase strengthening is seen in the data of
Holden et al.(u) for B -phase alloys in the Ti-Mn system. These data, shown
in Fig. 13, indicate that the yield strength of the two-phase alloy is reduced
by an increase in primary alpha phase, contrary to the data in Fig. 2. The
samples from which Holden et al.'s data were obtained were treated so that
interface phase would be minimized or eliminated.

The ru]e-df-mixtures calculation predicts a very slight positive
correlation of tensile yield strength with increasing v.f.ab and the
Holden et al. data predict a negative correlation of tensile yield strength
with increasing v.f.ab. Neither of these predicts the strong positive
correlation observed in Fig. 2. The "continuous-phase concept" predicts the
behavior of Fig. 2, but it is based on experimental observation rather than
developed theory. If one rejects the "continuous-phase concept" then the
shape of the curve in Fig. 2 must be addressed. If one accepts the
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“continuous-phase concept” as explaining the positive correlation of yield
strength with volume fraction oy the wide spread in yield strength values
for test samples having virtually identical v.?.ab needs to be examined.
Each of these will be considered.

If one assumes that a rule-of-mixtures concept should apply, then the
curve in Fig. 2, which does not follow a rule-of-mixtures prediction based on
two constituents, can be explained in terms of interface phase. The data of
Fig. 9 reveal that, when the interface phase width exceeds about 2500R, it
begins to exert a positive influence on tensile yield strength. It would be
reasonable to assume, under these conditions, that the alloy yield strength
would be predicted by a rule of mixtures including the three microstructural
features: v.f.ab. v.f.B, and interface phase width. This explains why
applications of the rule of mixtures using only two microstructural
constituents have failed in the past.

If, on the other hand, one accepts the "continuous-phase concept,"
then interface phase can account for the scatter in the data of Fig. 2. This
was demonstrated in Fig. 7 where a positive correlation of tensile yield
strength with interface phase width for a constant v.f.ab (and a constant
B-phase composition) is apparent. Although, under these conditions, interface
phase effects were considered secondary to B-phase solid solution
strengthening, the data of Fig. 7 show a significant increase in yield
strength due to interface phase over the range examined. Hence, whether or
not one accepts the "continuous-phase concept," interface phase is seen to

exert a significant influence on tensile yield strength.
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Although the preceding discussion was limited to yield strength, a
similar one can be made for tensile elongation. Analyses of Figs. 3, 8, and
10 lead to the conclusion that interface phase has a negative correlation with
tensile elongation, by means of arguments similar to those applied in the J
yield strength discussion.

A mechanism by which interface phase increases tensile yield strength

and reduces tensile elongation is indicated from the transmission electron
microscopy results. The planar dislocation arrangements observed in samples with

o b . oA

broad interface phase (and corresponding higher yield strength and lower elongation)
indicate that the interface phase acts as a barrier to slip transfer from the
ato B phase. The back stresses buiit up by the densely packed dislocations will
induce more rapid strain hardening andincrease the yield strength. A reduction of

planar slip in the samples with narrow interface phase indicates an easier
transfer of slip from the a phase, resulting in decreased strain hardening and
a lower yield strength. Elongation is affected in a similar manner. The ease
of slip transfer results in higher elongation in those samples with narrow
interface phase widths whereas the reduced dislocation generation and motion
resulting from the planar dislocation arrangement in samples with broad layers
will cause a decrease in total strain.

The relationship between interface phase width and volume percent

primary alpha illustrated in Fig. 6 is to be expected because of the interface

4) The interface phase forms during slow cooling

phase formation nchanisn.(
simultaneously with the transformation of g toa, i.e., as the volume fraction
of primary a is increasing. Although this fact makes it difficult to produce
a wide range of interface phase widths for a constant volume fraction primary
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alpha, several of the samples did have a reasonable range of interface phase
widths as indicated by the scatter in the data of Fig. 6. The results
demonstrate that interface phase widths can be altered even within the
constraints of a fixed v.f.up, leading to the conclusion that tensile
properties in Ti-6A1-4V can be manipulated by control of interface phase

‘ widths.

The formation of o, (Ti3Al) in this alloy was not unexpected for

it has been observed before.(s) However, it has generally been observed
» after long time isothermal treatments. The presence of a, after cooling at
56°F/hr to RT should serve as an alert to users of Ti-6A1-4V that processing

conditions utilizing slow cooling rates may introduce this potentially

detrimental microstructural feature.

CONCLUSIONS

P e RIS

g

TENEP FE

-4 This study has shown that tensile yield strength and elongation in
5 Ti-6A1-4V containing equiaxed primary alpha are influenced by a/g interface

phase and/or volume fraction primary alpha. The relative individual influence

on properties of each of these microstructural features is not unambiguously
Clear, but evidence indicates that (1) yield strength increases with

increasing interface phase width when the interface phase exceeds about 25008

9 : and (2) elongation decreases with increasing interface phase width when the

] interface phase 15 less than about 25008. Interface phase raises yield

strength and lowerselongation by acting as a barrier to slip, thus, intensifying
planar dislocation arrangements in the primary alpha.
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